Objective: Several studies suggest that taller children may be wrongly labelled as 'overweight' because body mass index (BMI) is not independent of height (Ht) in childhood, and recommend adjustment to render the index Ht independent. We used objective measures of %body fat and hormonal/metabolic markers of fatness to investigate whether BMI and the corresponding fat mass index (FMI) mislead in childhood, or whether taller children really are fatter. Design: Longitudinal observational study measuring children annually from age 7 to 12 years. Subjects: Two hundred and eighty healthy children (56% boys) from the EarlyBird study.
Introduction
Almost two centuries ago, the Belgian statistician Adolphe Quetelet published his Treatise on Man, and the Development of His Faculties. The first English translation appeared in 1842 and in it, occupying little more than half of page 66, lies the derivation of Quetelet's Index, better known now as BMIFbody mass index. 1 The issue was a simple one, and the solution elegant. Weight-for-height varied with height (Ht), and Quetelet found a means of controlling for Ht simply by squaring it. The importance of BMI (BM/Ht 2 ) rests with its ability to express body mass (BM) independently of Ht, and thereby to permit comparison of BM among individuals of different Ht. BMI has become the standard measure of fatness in individuals, populations, health statistics and obesity programmes. Raising the power of the denominator from Ht to Ht 2 successfully removed the correlation between weight and Ht, in adults but this was a strictly mathematical solution and did not consider the biological implications. Excess body fat is a major risk factor for diabetes and cardiovascular disease, and the cutoffs used to define obesity in adults (X30 kg m
À2
) are based on known health risk. 2, 3 Although BMI defines neither body composition nor fat distribution, it is considered a sufficiently robust surrogate for fatness to be employed widely for the screening of metabolic risk in adults.
Given the rise in childhood obesity, attention over recent years has turned to the use of BMI in children, and all 5-and 11-year olds in England are now screened for overweight and obesity, using BMI centile cut-points derived by extrapolation from the adult data. 4 The aim of the programme is to identify children at risk. However, where BMI is independent of Ht in adults, this is not the case in children. BMI correlates positively with Ht in childhood and this has led contemporary statisticians to act once more as Quetelet did nearly two centuries agoFand find an exponential for Ht that will render the expression for BM independent of Ht. Several studies have proposed such reformulation, 5-9 all of them using the slope coefficient obtained from regressing 'logtransformed weight' on 'log-transformed Ht' to find the optimal power of Ht. 10 The studies cover all ages of childhood and adolescence from 5 years onwards, and show the optimal power of Ht to lie around 2.6 in 5-7 year olds, 3.2 in 8-11 year olds, 2.7 in 12-14 year olds and B2.0 in 15-17 year olds. Only one of these studies, however, considered the biological implications of such arbitrary adjustment. 7 Meanwhile, Wells and Cole 11 went on to apply log-log reformulation to a parallel measure of adiposity, the fat mass index (FMI), whose denominator is also Ht 2 . The authors concluded that Ht raised to a power B6 could eliminate the correlation between FM and Ht in 8-year-old children, but, again, without recourse to health-related outcomes to justify the adjustment.
Here, percent body fat, serum leptin concentrations and a measure of insulin resistance are used to test whether indices of BM and FM, reformulated to render them independent of Ht, are truer markers of adiposity and its related metabolic disturbance than the standard indices.
Methods
Study design, setting and subjects The EarlyBird study is a non-intervention prospective cohort study investigating the factors that lead to childhood obesity and its associated metabolic disturbances. Some 307 healthy children (55% boys, 98% white Caucasian) were recruited at school entry (aged 5 years) between January 2000 and January 2001 from 54 Plymouth primary schools, randomised to ensure a socio-economic mix representative of the city and of the UK in general. The study's rationale, recruitment procedures and protocol have been reported in detail elsewhere. 12 Leptin and insulin resistance were obtained from a venous blood sample drawn between 0800 and 0900 hours after an overnight fast. Leptin was measured on thawed serum (stored at À85 1C for between 6 and 18 months) at the Department of Vascular Biochemistry, University of Glasgow using an 'in-house' radioimmunoassay validated against the commercially available Linco assay. The interassay coefficient of variation was o10% over the sample concentration range and the detection limit 0.5 ng ml
À1
. Serum leptin, secreted exclusively by fat cells, is deemed a reliable marker of fatness in children.
14 Serum insulin was measured using an Immulite analyser (Diagnostic Products Corporation, Los Angeles, CA, USA). The cross-reactivity with proinsulin was o1%, interassay coefficient of variation B9% and detection limit of the assay 2.0 mU l À1 . Glucose was measured using a Cobas Integra 700 analyser (Roche Diagnostics, West Sussex, UK), with interassay coefficient of variation B2%. The values for insulin and glucose were used to derive a measure of insulin resistance using the homeostasis model assessment program (HOMA2-IR). 15 HOMA2-IR is a widely used measure of insulin resistance that has been validated against the euglycaemic clamp (r ¼ 0.91) in healthy children. 16 
Statistical analyses
All analysis was carried out using SPSS ver. 17. Crosssectional analyses were carried out on the data available at each time point (n ¼ 280 at 7 years to n ¼ 247 at 12 years). Longitudinal analyses were based on those remaining in the study at the 12-year time point who had outcome measures recorded on four or more of the six occasions (n ¼ 232). Cohort characteristics for each gender and for each year were summarised by the median and interquartile range for skewed variables or mean and standard deviation for normally To reformulate indices of BM and FM so that they were independent of Ht, an appropriate power for Ht was calculated by a simple linear regression analysis of log-transformed BM (or log-transformed FM) against log-transformed Ht for each gender separately. 10 The resulting slope coefficient of this analysis was the power, P, to which Ht was raised in the reformulated indices (BM/Ht P and FM/Ht P ). Multiple linear regression analysis was used to determine whether the reformulated indices of BM and FM were closer correlates of %body fat, leptin and insulin resistance than the standard BMI and FMI, respectively. The difference in the 'adjusted R 2 ' that occurred when BMI (FMI) replaced the Htindependent index of BM (FM) in the model was calculated for each gender at each annual time point. Each regression model included age as a covariate.
The children were categorised into gender-specific tertiles of Ht gained between 7 and 12 years, and linear mixed effects modelling used to analyse changes in fatness, leptin and insulin resistance accordingly. Growth category, age, their interaction (growth category Â age) and baseline Ht were entered as fixed effects. Age was also entered as a random effect, allowing for individual-specific intercepts and slopes to account for between individual variation. 17 
Results
Characteristics of the cohort Ht, weight, BMI, FMI, %fat and insulin resistance increased similarly in both sexes between ages 7 and 12 years (Table 1) . Leptin concentrations also increased in both sexes, although more so in girls than in boys. Cross-sectional reformulation of the indices Significant increases in the power (P) of Ht were needed to render the measures of BM and FM independent of Ht ( Table 3) . BM needed to be divided by Ht raised to PB3.5 (boys: P ¼ 2.9-3.5; girls: P ¼ 3.2-3.9) and FM by Ht raised to PB7 (boys: P ¼ 6.2-8.2; girls: P ¼ 6.0-7.7). The subsequent reformulations were, as intended, uncorrelated with Ht (all ro±0.04, all p40.6) 
Cross-sectional correlations
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Cross-sectional modelling of fatness and related metabolic risk The standard indices of BM and FM, rather than their Ht-independent reformulations, correlated more closely with the %fat and its related hormonal and metabolic markers (Table 4 ). In boys (girls), BMI and FMI explained, on average, B20% (B21%) more of the variation in %body fat, B12% (B18%) more of the variation in leptin and B8% (B12%) more in insulin resistance than BM/Ht P and FM/Ht P , respectively.
Longitudinal changes in fatness in relation to Ht gained
The linear mixed effects models confirmed, crucially, that children who gained the most Ht between 7 and 12 years (tertile 3) showed greater increases in BMI, FMI, %fat, leptin and insulin resistance (all po0.05, except for %fat in girls) over the same period compared with those who gained the least Ht (tertile 1) ( Table 5 ).
Discussion
Our data suggest that taller children really are fatter and their higher leptin concentrations provide support for the evidence independent of body composition measurements. Furthermore, the higher levels of insulin resistance suggest that taller children are consequently at greater metabolic risk. These relationships were clearly interactive over time, insofar as the children who grew the most between 7 and 12 years showed greater increases in fatness, leptin and insulin resistance.
This study has strengths and limitations. The foremost strengths are the objective methods of measurement and the longitudinal design. Dual-energy X-ray absorptiometry provides a reliable measure of body fat, 13 and serum leptin, secreted exclusively by fat cells, is a close correlate of fat content in children. 14 Insulin resistance is a biological response to excess fat, and is believed to underlie the many co-morbidities of obesityFdiabetes, cardiovascular disease, cancer, and so on. 18 The longitudinal design is essential for testing interaction between rate of growth and the acquisition of fat, rather than simply association between tallness and fatness. The narrow age distribution of the cohort helps resolve age-related changes. The children were nevertheless drawn from a single population with virtually no racial mix, so that the data may not be generalisable. Several studies have calculated the optimal power of Ht required to render BM independent of Ht and the age-related pattern appears to be similar between genders, countries and ethnicities. [5] [6] [7] [8] [9] The first was published in 1986 and showed that the optimal power of Ht was PB2 in pre-school children, increased gradually to PB3 by 11 years and decreased back to PB2 after puberty. 5 Franklin showed a similar pattern in US, Japanese and Singaporean boys (PB2.8 at age 6 years, PB3.5 at 10 years, PB2 at 16 years). 6 The pattern for UK boys reported in the same article was not quite as smooth (PB2.3, 2.9, 2.4, 3.1, 2.0 at age 6, 10, 11, 12 and 16 years, respectively), but this may have been due to between-sample variation, a limitation of the cross-sectional design, rather than any biological explanation. Furthermore, the pattern appears to be similar in black children. 7 The largest study of all involved more than a quarter of a million children, 8 and showed that the exponential needed to render BMI independent of Ht in Japanese children increased gradually from P ¼ 2.4 at 5 years in both sexes, peaking at P ¼ 3.3 (P ¼ 3.1) at 10 years (11 years) and decreasing to PB2 by 16 years (14 years) in boys (girls). Telford et al. 9 reported PB3 in 8-year-old Australian girls and boys. Although all such studies have shown how BMI is Ht dependent in children, only one reflected on the biological implications of a Ht-independent alternative. 7 Frontini et al. 7 concluded that the Ht-independent measure, BM/Ht P , was not superior to BMI as an indicator of adiposity and related cardiovascular risk factors. They showed that the correlations of four cardiovascular risk factors (HDL cholesterol, insulin, glucose and systolic blood pressure) were significantly higher with BMI than with BM/Ht P . Notwithstanding, authors continue to recommend reformulating BMI to be independent of Ht. 8, 9 FMI is increasingly used with the wider availability of bio-impedance with which to measure body composition. ) is more closely related to fatness and metabolic disturbance than its Ht-independent alternative.
Adjusting Ht to the exponential that removes its relationship with BMI is not just arbitraryFit also obfuscates. Ht dependency is not an artefact in need of adjustment, but a reality that merits recognition for what it signals. Taller children are more adipose and as a result less insulin Abbreviations: BM, body mass; BMI, body mass index; FM, fat mass; FMI, fat mass index; Ht, height; P, power according to Table 3 . nX132 for boys and nX101 for girls. Each model was adjusted for age.
Implications of reformulating childhood BMI BS Metcalf et al sensitive than their shorter peers, but the metabolic disadvantage would likely go unrecognised if BMI and FMI were reformulated to be independent of Ht. We do not know why taller children should be fatter. However, the key determinants of Ht in childrenFgenes and nutritionFare also those of fatness, and there is some evidence that both can impact on Ht and fatness simultaneously. It has recently been reported that genes accounting for some of the variance in weight among children also account for some of the variance in their Ht. 21 The greater Ht of fatter children could be simply a function of their greater nutritional intake. It was noted some years ago that formula-fed (protein-fortified) babies gain more in Ht as well as weight during the first 6 months of life than breast-fed babies. 22 
Conclusions
Both BMI and FMI in their current form appear to be better markers of adiposity and metabolic health than the recommended Ht-independent reformulations. BMI, derived by M Quetelet in the 1830s, was right all along, taller children really are fatter than their shorter peers, confirmed by their higher levels of leptin and insulin resistance. Attempts to render indices of BM or FM independent of Ht in children or adolescents seem inappropriate if the object of the index is to convey health risk. Implications of reformulating childhood BMI BS Metcalf et al
